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ABSTRACT
This currently presented work is an evaluation of the characteristics of different cooling
hole geometries to particulate ingestion clogging. Experimentation was conducted using a
premixed bluff body flame combustor facility to generate high temperature combustor flow
conditions. Sand ingestion along the cooling path of the combustion liner was reproduced using
an air-assisted seeder providing consistent sand ingestion. Mass flow rate of cooling air was
controlled using a sonic orifice downstream of a pressure regulator so that the mass flow rate of
the air and sand mixture is independent of the clogging state. Pressure data upstream of a small
section of a combustion liner was recorded to quantify the clogging of the different combustion
liner cooling geometries over time. Several geometries were tested including 3 “S” shaped slots
with varying width and length, along with tapered straight slots, and compared to the traditional
straight round hole. It was found that a diverging orientation of the tapered slot had the most
promising performance mitigating particulate deposition. The displacement boundary layer
growth interaction with the main flow within the diverging section of the slot is discussed as the
main contributing factor to resist clogging. The use of such a clogging-resistant combustion liner
could drastically reduce the maintenance necessary for vehicles operating in sandy and dusty
environments, reducing the overall operational cost, and lowering risks of complete failure of the
aircraft propulsion system.
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CHAPTER ONE: INTRODUCTION
Modern turbomachinery and propulsion engines can reach extremely high temperatures,
just functioning under normal operating conditions. They require effective cooling methods to
maintain sustainable temperatures exposed to the internal components of the engine, such as the
vanes, blades, and combustion chamber walls. The cooling method of interest to this study is thin
film cooling. Thin film cooling is a cooling method where some of the cool ambient air that is
taking in for combustion operation is bypassed and injected into a hot section of the engine to
reduce its temperature. A major drawback with the usage of this cooling method is whenever the
vehicle is operating in an environment with a high level of solid particulate contaminated air.
This scenario of particulate-laden environment exposure is especially common during takeoff
and landing of a plane near a desert or a beach. This will cause the engine to intake, or ingest,
solid particulates which will transit not only through the combustion process but also through
these thin film cooling holes. Exposure will subsequently result in the deposition of the solid
particulates within the holes, thus clogging them. Sand particulates can then become exposed to
high combustion temperatures and melt into glass. It was found that the greatest detrimental
effect on degrading cooling film is the clogging of these holes [1]. The consequence of this
degradation are major damages and deformation of internal engine components, rendering the
engine inoperable [2]. Catastrophic failure isn’t an exclusive result either. Maintenance costs also
increase because of the occurrence of solid particulate deposits due the necessity of complete
teardown of the engine to decontaminate its internals. Critical design parameters for these
cooling systems include clogging rate, deposition distribution, and general effect of clogging.
Prior to this study, investigations on clogging within full scale engines were performed.
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Limitations of these studies were restrictions in parameter variability such as geometry,
temperature, pressure ratio, and others independently. These investigations found that deposition
rate is dependent on temperature, exposure time, and concentration [2]. The deposition rate has
also been shown as an independent factor in causing engine deterioration, such as erosion [3].
The thin film metal temperature of which the solid particulate is injecting through was
found by Walsh et al [4] to be the most significant factor in clogging severity. The higher the
temperature, the more of a likelihood in which the solid particulate will adhere to the surface or
be considered “deposited” within the thin film cooling hole. This is due to the increase of the
probability that the particulate will melt upon impact of the walls of the holes. 1000℃ was found
to be the thin film metal critical surface temperature regime of interest to observe the clogging
phenomena of concern. Walsh et al [4] notes that “if the restitution force and the thermophoretic
are higher than the Van der Waals force, the particle will rebound. If not, the particle will adhere
to the surface.” It was also found in this study that the surface roughness will increase the
probability of particle adhesion.
Clum et al [5] conducted a study looking “at the effects of particle size, temperature, and
mass flow rate on deposition in a simulated a simulated turbine internal cooling deposition rig.”
It was similarly found that the deposit growth rate increased with film hole plate temperature
elevation. Also, increases in particulate size, and coolant temperature results in a rise of the rate
that the coolant passages become blocked. This investigation lastly observed the patterns and
structures the internal deposits formed internally, where the larger particles were responsible for
the formation of said structures. The observations showed that the structures developed inside the
holes were conical and transient growth of the deposits peaked at a critical point. This
2

experiment additionally analyzed interaction between impingement cooling and thin film cooling
holes, the former of which isn’t of direct application of this currently presented study. Wolff [6]
correspondingly showed results of increased particle size causing deposits or clogging within the
holes.
In the experiment conducted by Lawrence [7], the coefficient of restitution of coal ash
and its dependence on particle diameter, impact velocity, and plate temperature in a gas turbine
were observed. The coefficient of restitution is defined as the ratio of outgoing to incoming
velocity [7] and is used as the quantitative characterization of a rebounded particle. A higher
coefficient of restitution would describe and particle that has decreased likelihood of deposition
after collision with the hole wall. Findings included increasing particle diameter, impact velocity,
and plate temperature were all shown to decrease the total coefficient of restitution. These results
have been concurrently expressed in several other studies [2], [8-10].
Cardwell et al [3] investigated sand blocking within impingement and film cooling holes.
In this experiment the Stoke’s number of interest is defined for the path line of particulates
passing through the hole, St<<1. This is representative of particles that follow the bulk flow
perfectly. It was found that clogging was mostly dependent on the temperature of the cooling
geometry and cooling hole geometry, with elevated temperatures of both increasing clogging
severity. Also, the alignment of the impingement holes to the film cooling holes was found to be
a relevant factor. These findings as mentioned by Cardwell [3], “reinforced the hypothesis that
the combination of sand stickiness and the amount of cooling hole overlap were responsible for
the increase in blocking observed at elevated temperatures.” Importantly, this experiment
established a relationship between pressure build up and hole blockage where the more pressure
3

built up upstream the cooling holes indicated less area for the bulk flow to transit through. More
pressure built up meant more blockage was present. At the end of this experiment a visual
inspection was performed to support conclusions made. Cardwell [3] also describes a process in
which the impingement cooling holes acted as a particle filter for the film cooling holes,
breaking up or capturing the largest of the particles, leaving only the low stokes number particles
to pass through the thin film cooling holes. Bons [11] introduced another geometric parameter
called the turning angle. It describes the angle at which the particulate laden bulk flow is injected
into the thin film cooling hole geometry. Conclusion from this work is that the turning angle had
little influence on particle deposition thus, particle deposition in the effusion holes is independent
from plate orientation.
Whitaker [10] observed that loading rates do not play a significant role in flow blockage
development. “Blockage was shown to hold constant over two orders of magnitude of particle
loading rates” [10]. The experiment was performed using various size distributions of Arizona
Road Dust over various particle loading rates and temperatures. It is also mentioned that high
convective cooling designed cooling geometries are prone to particulate deposition. Lastly, the
findings of this study were corroborated with physics-based impact and deposition model
simulations. Thus, this clogging process of interest can accurately be reflected with simulation
[12].
These prior studies provide the guideline as to how to conduct this experiment. The
objective of this experiment is to compare different geometries in thin film cooling holes to
mitigate solid particulate deposition. The experiment must simulate real world operating
conditions, mainly temperature, to allow for proper observation of the clogging phenomena of
4

interest. Low stokes number particles as described by Cardwell [3] and their interaction with the
walls of the holes are aimed to generate a clogging resistant thin film design method in this
study. The geometries investigated are varied not only in shape of the face of the hole but also
the contour of the hole across the metal. It is hypothesized that displacement boundary layer
growth within the walls of the holes and interaction with the bulk flow can be used to provide a
quantifiable model for clogging mitigation. Varying the geometries of the thin film cooling holes
is used to change the displacement boundary layer growth within the thickness of the hole. The
streamlines of the internal particulate laden flow being directed away from the walls decreases
the likelihood of adhesion of those particles to the high temperature wall. This effect should be
more pronounced for low stokes number particles, which follow the bulk flow almost perfectly.
Low stokes number particles are especially of interest due to their increased likelihood for the
causing of the multi-phase glassing effect [7]. Their lower mass with respect to other particles
results in higher temperatures throughout the particle, lower coefficients of restitution, and lower
chances of surface adhesion.
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CHAPTER TWO: MATERIALS AND METHODOLOGY
This chapter will summarize how the experiment was physically and numerically
conducted. Physically, this will reference the facility, seeder apparatus, test coupons, and test
sand. Numerically, this will include data capturing, processing, and thwaites’ method for
calculation of the displacement boundary layer thickness.

2.1 Test Coupons and Standard Sand
The thin film cooling hole geometries were varied by having separate test “coupons”
manufactured with different holes of different sizes, shapes, and contours. The coupons were
fabricated from stainless steel to be to sustain expected temperatures and exposure times. Their
dimensions were 50.8 mm x 50.8 mm with a thickness of 1.22 mm. Examples of these coupons
are depicted in Figure 1. These coupons represent different hole geometries in a small section of
a combustion liner.
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Figure 1: Manufactured Test Coupon Examples

The tested geometries consist of three S shaped slots (SSS), a tapered slot, and round hole
configuration. The SSS slots were numbered 1-3 and had varying lengths and widths from each
other. The tapered slot had holes that would increase size across the thickness of the coupon as
oriented in this experiment. The different geometries in the test coupons are summarized in Table
1. The tapered slot geometry is one where the size of the hole changes throughout the thickness
of the coupon. The diverging orientation of the tapered slot would suggest that the hole starts at
its smallest then increases in size linearly.
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Table 1: Summary of Test Coupon Dimensions

Round Hole

Hole Dimensions
(mil)
25D

Hole Area
(mm2)
0.32

81

Total Hole Area
(mm2)
25.92

Coupon Discharge
Coefficient
0.75

SSS1

8W x453L

2.3

25

57.5

0.58

SSS2

6W x453L

1.7

25

42.5

0.50

SSS3

8W x315L

1.6

25

40.0

0.58

TSS

23.6W x196.9L

2.9

9

26.1

0.71

Hole Count

The SSS design was chosen due its high convective cooling effectiveness predetermined
from prior simulation. The different coupons vary locally and in overall dimensions. This is done
to ensure that the clogging effects are not favored toward one effusion hole geometry but instead
independent of the type of used geometry. The samples also had discharge coefficients that hold
the total effective geometric areas more consistent to one another. The discharge coefficients
were evaluated with the use of a flow meter and pressure transducer in place on the facility.
Thus, the combination of hole size, discharge coefficient, and hole quantity provided consistent
hole areas between the geometries.
The combustion liner thin film hole geometry wasn’t the only parameter that was varied.
There were two separate particulates that were used. This was done to prevent geometries from
having exclusive effects with specific test dusts. The test dusts used in this experiment are
standard sands referred to as AFRL03, a synthetic standard silica sand, and Arizona Course Test
Dust, AZ-CTD, another standardized sand. The particle distribution of the AZ-CTD was larger
than that of the AFRL03. The standard deviation for the AZ-CTD was 37.98 whereas the
AFRL03 had a standard deviation of 17.47. The 95th percentile of the AZ-CTD was a size of
139.5 microns and the other seed’s 95th percentile was 64.41 microns. On the other hand, the 10th
8

percentile for both were just under 5 microns for both. The interest in these two solid particulates
lies in the previous usage of the AZ-CTD in previous experiments, and the fact that the AFRL03
was an even smaller particulate. A smaller particulate will exhibit easier injection of low stokes
number particulates into the bulk cooling air flow.
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2.2 Experimental Facility
The experiment was conducted with a premixed combustor facility. Propane entered the
facility from the left and premixed with air, as depicted in Figure 2b. The flow rate of the fuel
was controlled with a flow meter and pressure regulator and injected into the inlet side of the
facility at a rate of 7±0.5 SCFM. The equivalence ratio of the fuel-air ratio was Φ=1.25±0.12. A
bluff body was used for flame stabilization and was supplied an air lip velocity of 13.8 ± 0.8 m/s.
The air velocity was governed by a variable area actuator upstream of a venturi style flow meter.
The flow was then sparked with a spark wire housed inside the bluff body flame holder. The
coupons were exposed to nominally 2000℃ vitiated cross flow with room temperature particle
contaminated air flow injected upstream. The coupon as well as the seeder apparatus used to
inject the particulate laden flow was located at the end of the facility downstream of the bluff
body above the windowed test section with a rectangular cross section of 0.3683 m2, as depicted
in Figure 2. The flow rate of the cooling air was held constant at 78 LPM at atmospheric pressure
and room temperature. That flow rate was verified with the use of a flow meter, pressure
regulator, and sonic orifice. This also guaranteed a consistent particulate flow rate between cases.
This flow would enter the bottom of the seeder apparatus, shown in Figure 2a., gather solid
particulate and would flow through the cooling manifold located above the test coupon. This
cooling manifold contained a pressure tap to record pressure data over time with consistent
particulate mass injection upstream the coupon.
The pressure transducer used in this experiment was an Omega PX309-005G5V. It was
screwed into the pressure tap of the cooling manifold. Its measurement range was 0 to 5 psi and
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had an accuracy of ±0.25% with a maximum response time of 1 ms. Pressure data was recorded
throughout the entire duration of each case.
Pressure Tap

a.)
Cooling
Manifold

Cooling
flow

Seeder
Coupon

Bluff Body

b.)
Premixed
Combustor

Hot Gas

Figure 2: Setup of Experimental Rig a.) Seeder Apparatus b.) Premixed Combustor Facility with
Seeder
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500±0.1 g of test dust was added to the seeder apparatus then air was allowed to flow
through the system. After a 300±1 s period, the air was shut off, and the remaining mass of the
particulate inside the seeder was collected and weighed. After the initial measurement a
secondary measurement took place for good measure. Table 2 shows the resulting particulate
flow rates.

Table 2: Test Dust Flow Rates
Particle Flow Rate
AFRL03

0.16 ± 0.01 gs-1

AZ CTD

0.31 ± 0.015 gs-1
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2.3 Experimental Procedure and Processing
The premixed bluff body combustor facility was controlled by a customized LabVIEW
timing program in conjunction with an NI USB-6216. This set up allowed for accurate
measurements to a 50 ns period. Once the pressure readings exceeded operation pressures of the
pressure transducer the test case would be completed. This is because of the nature of the
exponential growth of the pressure build up as more clogging would take place more would
continue to occur. Pressure readings beyond the initial shooting up of pressure are not considered
in this study as it is that the objective of this study is to delay the timing of that rapid pressure
rise. Table 3 accounts the event timing of each test case.

Table 3: Experimental Procedure
1.

Begin timer and particle-laden cooling airflow is turned on by hand.

2.
3.
4.

At 15 seconds, crossflow air/fuel mixture starts.
At 22 seconds the spark plug ignites the flame.
Flame and cooling airflow continue for 300 seconds.

5.
6.
7.

At 322 seconds, fuel is cut off.
At 325 seconds, air is cut off.
The particle-laden cooling airflow is turned off by hand.

8.
9.
10.
11.

The test facility is cooled for 30 minutes.
The test coupon is removed and inspected.
An image of the test coupon is taken.
A new coupon is placed for the following test.

Figure 3 depicts the events featured which were held consistently between tests. In said
figure, a pressure trace of a singular test case is shown. The trace used was with the SSS1 test
coupon and AFRL03 test dust. The labels demonstrate the significant events within every test
case.
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Figure 3: AFRL03, SSS1 Pressure Trace with Significant Events Labeled
After the completion of each test run the used coupon was turned from horizontal to
vertical to let any particulate that didn’t adhere to the surface gently be removed by gravity.
After this, the coupons were visually inspected to verify the severity of particulate deposition.
Microscope and macro-scale images were then captured of all cases.
In accordance with the maximum recorded response time of the pressure transducer, local
averages over the last 0.001 s were taken. The data outside of the scope of concern were
truncated. Data recorded prior to the ignition and after the fuel cutoff was removed for
consideration of imposed fit parameters. Then, the remaining gathered data was then fit with an
exponential curve of the form

𝑃 = 𝐴𝑒 𝑏𝑡
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(1)

with the independent variable ‘t’ being time in seconds. The free parameters ‘a’ and ‘b’ were
chosen by the MATLAB ‘fit’ function to best represent the data. The rate of particulate and
cooling air flow is independent of the flow area due to the upstream sonic orifice. Due to this
consistent independent phenomenon, it is reasoned that the rate of clogging is exclusively
proportional to area remaining in the coupon holes. Thus, the rate of clogging is directly
proportional to the amount of blockage or deposits present. As more area has been blocked, more
deposits are present, and leads to even more blockage and pressure rise occur later. This
relationship of growth driving more growth is a defining quality of exponential growth. The
resulting fit parameters were then used for measuring clogging rate severity between the
different geometries. The ‘a’ parameter simply defines the initial condition of where the graph
starts, as can be shown when t=0. The ‘b’ parameter indicates when the sudden pressure rise will
occur, with a larger ‘b’ defining a later pressure rise.
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2.4 Thwaites’ Method
Thwaites’ method is a procedure used to approximate displacement boundary layer
growth along a wall. It utilizes different equations and characteristics given by the experimental
parameters, such as the given velocity deduced from mass flow rate across the hole to conduct
said approximation. This method’s main condition for usage is the requirement of the flow to be
laminar. For jets, current literature agrees that transition away from laminar flow occurs at
Re≈2300. Using the already known velocities and hole areas, the Reynold’s number has been
plotted for the flow passing through a singular hole shown in Figure 4. The average Reynold’s
number for the tapered contours was Reavg~1700 across the thickness. The equation to calculate
the Reynold’s number for a jet of diameter D is

𝑅𝑒 =

𝜌𝑈𝑒 𝐷
𝜇

(2)

One comparison to note is that this calculation is through an individual geometry rather than the
grid of geometries as tested. The hole contours used for Thwaites’ method in this calculation are
diverging, converging, and straight. The diverging and converging contours are the same except
oriented with a 180° rotation from one another. Thwaite’s method isn’t dependent on the 2D
cross sectional face of the hole but rather the shape of the hole through the thickness. This is the
reason for the choice of contours for this analyzation.
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Figure 4 Reynold's number across coupon thickness

The momentum thickness equation as defined as in Thwaites’ method is

𝜃2 =

0.45𝜈
𝑈𝑒6

𝑥

∫0 𝑈𝑒5 𝑑𝑥

(3)

where θ is the momentum thickness, ν is the kinematic viscosity, and Ue is defined as the bulk
flow velocity. After calculation of the momentum thickness, the output can then be used to
calculate the dimensionless parameter λ which is defined as shown

𝜆=

𝜃2 𝑑𝑈𝑒
𝜈 𝑑𝑥

(4)

The calculated dimensionless parameter is then carried over to generate the shape factor under
the conditions of λ.
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−2.61 − 3.75𝜆 + 5.24𝜆2 , 0 ≤ 𝜆 ≤ 0.1
𝐻(𝜆) = {
0.0147
2.472 + 0.107+𝜆 , −0.1 ≤ 𝜆 ≤ 0

(5)

Thwaites’ method’s last equation of use is the relation between the shape factor, displacement
boundary layer thickness, and momentum thickness.

𝐻(𝜆) =

𝛿∗
𝜃

(6)

Simple arithmetic of this equation results in the parameter of interest δ* the displacement
boundary layer thickness. Plots of the resulting iterative calculations through all three of the
contours are presented in the Section 3.3 Displacement Boundary Layer Growth Results.
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CHAPTER THREE: RESULTS AND DISCUSSION
The results of the clogging mitigation performance of the different geometries are
presented in this section. The first two sections of this chapter consist of the experimental data
taken from the different solid particulates used. The third section goes over the results from the
calculations taken from Thwaites’ method. Lastly, the final section of this chapter discusses the
possible relationship between displacement boundary layer thickness and clogging mitigation.

3.1 Experiments with AFRL03 Test Dust
The results of the AFRL03 tests are shown below in Figure 5. The solid-colored lines
indicate the upstream coupon captured pressure in psi over time resulting from the different
geometries used per test. The colored dashed lines are the plots of the calculated exponential fit
functions in the same color as its geometry. Also shown is the region of the clogging threshold.
After this stage, a runaway in pressure is experienced, thus pressures above this region are not of
interest in this study.
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Figure 5: Pressure Traces and Exponential Fits for AFRL03 Tests
The exponential fits on the plots match show high fidelity with the lowest R2 fit value of
0.9242. The fit parameters are tabulated below in table 4. The lowest ‘b’ parameter is shown to
be the Tapered slot thin film cooling hole geometry.
Table 4: Exponential Fit Parameters for AFRL03 Tests
a

b

R2

RMSE

Round hole

0.4666

0.0008988

0.9242

0.012

SSS1

0.2038

0.009929

0.9828

0.1326

SSS2

0.04761

0.01377

0.9505

0.1586

SSS3

0.2416

0.01502

0.9514

0.3038

Tapered Slot

0.5875

0.0005198

0.9535

0.0062
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Visual inspection of the coupons after the use of gravity to remove any unstuck
particulate concurred with the clogging performance data captured. The coupons with large
pressure gains displayed large amounts of particulate deposition within the cooling hole
geometries. Figure 6 shows the macroscale images taken of each coupon after testing.

Figure 6: Visual Inspection of AFRL03 Clogged Test Coupons
The clogging of the effusion geometries over time shows the buildup process of the
adhering particulate. Figure 7 illustrates microscope pictures of a singular hole geometry
particulate buildup process with consistent particulate mass flow rate over time. The particulate
rate of deposition starts low in the beginning of the process. Then, as more particulates adhere to
the hot metal surface, increases in the rate of deposition occur. This clogging behavior is
characteristic of exponential growth in the upstream pressure within this rapid time frame.

Figure 7: Clogging Over Time, SSS3 Tested with AFRL03
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The clogging at various stages informs that the clogging mode reached in this experiment
is primarily particulate adhesion, which increases temporally. Further data and research can help
to develop a more accurate model for this type of clogging phenomenon.

3.2 Experiments with Arizona Test Dust
A congruent analysis was performed using the data collected from the AZ CTD tests,
with the results shown below in Figure 8 and corresponding fit parameters provided in Table 5.
Again, the solid-colored lines and the dashed colored lines are the captured pressures over time
and the exponential fits plotted, respectively. The clogging threshold pressure region is also
shown in the graph. The results of the two different particulates: AZ CTD and AFRL03, yielded
similar clogging performances for the different hole geometries, except for the SSS2 case. The
rapid increase in pressure, as well as the high initial pressure shown in the Figure 8, was caused
by a different clogging mechanism than the other cases. The particle size distribution for the two
test dusts, for all the other cases, dictated that the particles were small enough to pass through the
smallest dimension of the thin film cooling hole. In the SSS2 case however, the smallest
dimension of the hole was at about the 99th percentile of the particle size distribution for AZ
CTD. This results in immediate clogging prior to the clogging mechanism of interest. The rapid
pressure rise occurs instantly after the particulate laden cooling flow was initiated and was hardly
affected by the existence of the hot crossflow, unlike the other test cases.
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Arizona Test Dust
5
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Figure 8: Pressure Traces and Exponential Fits for AZ-CTD Tests
Table 5: Exponential Fit Parameters for AZ CTD Tests
a

b

R2

RMSE

Round hole

0.5171

0.0009142

0.860

0.019

SSS1

0.05798

0.01282

0.9853

0.0879

SSS2

1.894

0.08202

0.9927

0.0878

SSS3

0.1611

0.01404

0.9959

0.078

Tapered Slot

0.059

0.001444

0.9264

0.0237
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The lowest R2 value that was generated from these tests cases is shown as 0.86 for the
round hole configuration. Similarly, between the two test dust cases the tapered slot, in a
diverging orientation, and round hole geometries performed better than the intricately designed
SSS holes in the delay of the sudden pressure rise experienced caused by this clogging
mechanism.
Mirroring the procedure for the other test dust, a visual inspection of the coupons was
performed along with macroscope images after gravity driven removal of particulates that
weren’t adhered to the coupon. These images recurrently validate the relationship between
qualitative and quantitative analyses. The AZ-CTD test coupons are depicted in Figure 9.

Figure 9: Visual Inspection of AZ CTD Clogged Test Coupons
The pressure trace data implications parallel the observations made from the macroscope
images. The SSS2 test coupon’s rapid pressure rise is illustrated in the visual inspection as
critically clogged. Any further consistent particulate injection would have resulted in absolute
blockage for any passage of flow. Also, concurrent with the pressure traces, the tapered slot and
round hole coupons have very little solid particulate deposition. Although the particle flow rate
was higher with the AZ CTD test dust case, the clogging rates were similar across the
combustion liner thin film cooling hole geometries.
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In conclusion of the experimental sections, it is found that when a constant rate of solid
particulate ingestion occurs into the combustion liners the amount of particulate deposition
grows exponentially. This is due to the amount of available cross sectional area decreasing in
such a manner that is dependent on the clogging severity. A logistic fit would better characterize
this type of solid particulate deposition if encompassing the truncated portion of data that would
indicate reaching an expected upper pressure limit. This upper limit would be dependent on the
supply of upstream pressure. There is also plausibility of the case occurring above this study’s
range of interest where steady-state development and destruction of solid particulate deposit
structures. Ultimately, these states were never reached in these case studies, thus evaluation was
limited to the primary exponential growth of this clogging mechanism.
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3.3 Displacement Boundary Layer Growth Results
After validation that the flow through all the contours were laminar, shown in the
Thwaites’ Method section (2.4), calculations were then computed. Usage of this method
approximated the displacement boundary layer thickness as the particulate laden flow transited
through the thickness of the thin film cooling hole. This coupon thickness of x=1.22 mm is used
for the range of the x-axis shown in Figure 10. The y-axis indicates the displacement boundary
layer thickness normalized by the diameter of the hole at the given thickness location. This yields
a percentage of how much intrusion the boundary layer is reaching into the bulk flow.

Figure 10 Displacement Boundary Layer Growth Within Plate Thickness

The diverging oriented slot contour is the only contour that had any significant
displacement boundary layer growth. This is concurrent with modern day literature concerning
boundary layer growth in diverging nozzles, especially with the presence of recirculation zones.
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The converging and straight contours had little to no growth. Increases in displacement boundary
layer thickness reduce the exposure of the particulate laden flow to the inner walls of the thin
film cooling hole geometry. The more exposure said bulk flow has, the higher the chance
particulates can adhere to the wall. If the bulk flow is displaced further away from the wall less
particulate deposition can occur. Thus, larger displacement boundary layer thicknesses are
favorable for solid particulate clogging mitigation and the tapered slot in the diverging
orientation would be the best geometry for combustion liners designed to clog as late as possible.
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3.4 Discussion
This presented work provides guidance to design thin film cooling injectors for dry
climates and areas prone to sand ingestion. In a real gas turbine engine, elevated levels of sand
ingestion could occur in the cooling flow and become critical due to the small scale (0.1 ... 1mm)
of modern cooling systems. Displacement boundary layer thickness growth within the singular
hole contour is related to clogging mitigation. A thicker boundary layer will allow clogging at a
later point in time relative to a thin boundary layer. In the large boundary layer, more particleladen flow mass would be displaced into the core, delaying the likeliness of clogging the entire
cross-section. As the clogging progresses with the diverging contour, the lee-side contact areas
with crossflow would accumulate particulate; yet there would be enough “available crosssection” for the cooling flow along the windward side; the windward recirculation zone would
reduce as it is now needed for the cooling flow. In contrast, the straight, or even worse, the
converging slot contours are more likely to clog due to the absence of “free” cross-section. The
particulate would clog along the liner contour and block cooling flow within a shorter period.
Utilizing and tuning the contour and orientation of diverging liner contours could lengthen the
maintenance cycles and increase the life of turbine injection systems significantly.
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CHAPTER FOUR: CONCLUSION
The clogging mitigation performance of thin film-cooled combustion liners is dependent
on the behavior of the internal boundary layer effects. When the displacement boundary layer
develops significantly into a recirculation zone the cooling flow is directed away from the wall.
This effect causes fewer sand particles with low stokes numbers following the flow to have less
exposure to the wall thus, delaying clogging. Clogging resistant thin film cooling hole
geometries can be designed with the usage of the theoretical boundary layer approximations.
Despite the flow is traveling a small distance through the thickness the boundary layer effects are
significant. This significance decreases with respect to higher Stokes’ number particulates but
should still have a presence.
The clogging mitigation performance of a combustion liner geometry is dependent
predominantly on the development of a larger displacement boundary layer. Thus, a quantitative
relation can be established to optimize the geometry of next-generation combustion liners and
engine cooling technologies for solid particulate deposit mitigation.
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